In vivo electrophysiology is a powerful technique to investigate the relationship between brain activity and behavior at a millisecond and micrometer scale. However, current methods mostly rely on tethered cable recordings or only use unidirectional systems, allowing either recording or stimulation of neural activity, but not at the same time or same target. Here, a new wireless, bidirectional device for simultaneous multichannel recording and stimulation of neural activity in freely behaving rats is described. The system operates through a single portable head stage that both transmits recorded activity and can be targeted in real-time for brain stimulation using a telemetry-based multichannel software. The head stage is equipped with a preamplifier and a rechargeable battery, allowing stable long-term recordings or stimulation for up to 1 h. Importantly, the head stage is compact, weighs 12 g (including battery) and thus has minimal impact on the animal´s behavioral repertoire, making the method applicable to a broad set of behavioral tasks. Moreover, the method has the major advantage that the effect of brain stimulation on neural activity and behavior can be measured simultaneously, providing a tool to assess the causal relationships between specific brain activation patterns and behavior. This feature makes the method particularly valuable for the field of deep brain stimulation, allowing precise assessment, monitoring, and adjustment of stimulation parameters during long-term behavioral experiments. The applicability of the system has been validated using the inferior colliculus as a model structure.
Introduction
A fundamental question in neuroscience is how electrical activity in defined neural circuits generates certain forms of behavior. In vivo electrophysiology is a powerful technique to address this question, providing a tool to record or stimulate electrical activity in the brain while animals are performing certain behavioral tasks. However, current systems frequently rely on tethered cable recordings 1, 2 , likely restricting the mobility and preventing full expression of the animal´s behavioral repertoire. Moreover, mostly unidirectional systems are used, allowing either recording 3, 4, 5 or stimulation 6, 7 of neural activity, but not at the same time or same target, making it difficult to disentangle the causal relationships between specific brain activation patterns and behavior. Only a few wireless, bidirectional systems for in vivo preparations are currently available. However, they are usually heavy (40-50 g) and consist of two separate portable units, i.e. a head stage and a connected backpack for batterybased power supply 8, 9, 10 , rendering them less flexible and increasing the risk of cable disconnection e.g. during self-grooming behavior. None of the aforementioned wireless systems offer implantable microelectrode units to acquire a complete integrated concept of the neural activity during full ethologically valid behavior with high reproducibility of the experimental conditions.
Here, a new wireless, bidirectional device for in vivo recordings and stimulation of neural activity in freely behaving rats is introduced. The Thomas Wireless System (TWS) operates through a single removable head stage that can transmit multichannel activity using up to four independent recording channels and can be targeted for electrical brain stimulation in real-time. Additionally, a chronically implantable microelectrode unit compatible with the TWS was developed that allows both neural stimulation and recording. A TWS software graphical user interface, for recording and stimulation is also presented. This study describes the validation and in vivo implementation of the entire device.
In order to validate the TWS system the inferior colliculus was chosen as a target neural structure because an overt behavioral response can be elicited by its electrical stimulation. It is widely known that the electrical stimulation of the inferior colliculus elicits unconditioned 'fear-like' behavioral responses in rats, such as alertness, sideways postures, arching of the back, freezing and escape (flight) behavior. This response 1. Equipment and procedure NOTE: Electrophysiological recordings and stimulation are performed using the TWS.
1. Obtain a head stage with an integrated preamplifier and connected battery (four recording channels; analog recording input range: 0-12 mV pk-pk; stimulation output: ±625 µA; L x W x H: 24 mm x 22 mm x 12 mm; weight: 6 g without battery, 12 g with battery; battery running time up to 1 h). This head stage is suitable to be connected directly to the implanted microelectrode unit via a miniature multipole connector (Figure 2 ). 2. Obtain a battery (lithium ion accumulator, 3.7-4.2 V DC, 230 mAh, 27 mm x 20 mm x 6 mm, 1 h operation time) mounted on top of the head stage ( Figure 2C ). If necessary use replacement rechargeable battery with capacity of 450 mA for approximately 2.5 h operation time. Make sure that a green light comes on in the head stage while the battery is connected to it. 3. Obtain a transceiver (receiver-transmitter) connected to a personal computer via standard USB port and allows wireless operation for up to 5 m ( Figure 2E ). 4. Obtain a personal computer with TWS software for electrical stimulation and recording of neural activity (Figure 3 and Figure 4) . 5 . Obtain a tethered preamplifier and a data acquisition system used during surgery (see item 2.1.5) for recordings, and a stimulus generator for stimulation, in order to compare the efficaciousness of the TWS in awake rats one week after surgery. NOTE: Electrical stimulation is provided and extracellular activity from single neurons is recorded from the same implanted microelectrode unit using both systems. The stimulation parameters (current intensity, pulse and frequency) should be adjusted to each animal according to the brain region targeted. In the present study, a 150-250 µA, 2500 Hz current was used to stimulate the inferior colliculus.
2. Behavioral assays NOTE: Once no metal barrier is introduced between the transceiver and the animal head stage, the TWS is applicable to a broad set of behavioral tasks. As exemplary behavioral tests, it was used in the open field for measurement of general behavioral activity and on the elevated plus maze, a standard test to assess anxiety-like behavior in rodents 15 . A video camera was placed centrally above open field and elevated plus maze for behavioral recordings.
1. Prior to behavioral testing, handle each animal on three consecutive days (5 min each day). Before each handling period connect the head stage with battery to the microelectrode unit previously implanted. Do not perform any recording or stimulation during handling. 2. Open field 1. Place the rat into the center of the open field (40 cm x 40 cm x 40 cm; red light ~30 Lux) and allow it to explore the apparatus for at least 5 min under neural recording. 2. Determine the escape threshold -minimum current intensity producing running or jumping. In the present study, deliver a highfrequency 2500 Hz stimulation (pulse width: 100 µs; pulse interval: 100 µs) to the inferior colliculus in 1 min intervals increasing the current intensity by 20-50 µA steps until rats showed escape behavior. 3. Return the rat to its home cage, clean the open field (0.1% acetic acid solution) and dry it.
NOTE: In order to compare the stimulation efficacy of the TWS with the traditional tethered system the procedure described above was performed using both systems. 
Representative Results

TWS technical data
The wireless system offers 4 independent recording channels and 1 stimulation channel. Extracellular activity was picked up by the recording single core electrode and passed on to the high impedance signal input of the wireless system. The recorded signal was pre-amplified (x200) by an AC-coupled, differential input preamplifier and bandpass filtered (fixed signal bandwidth, 500 Hz … 5 kHz) to record only multi-unit activity, because in the present study the main interest was to record unit activity and not local field potentials. The integrated programmable gain mainamplifier offers software-adjustable gain for the four recording channels (x1, x2, x4, x8, x16, x32, x64). The complete signal chain of the wireless system offered overall gain values of x200, x400, x800, x1600, x3200, x6400 and x12800. After amplification and filtering, the analog signal was digitized by an analog to digital converter, modulated on a high frequency carrier and transmitted by a radio transceiver using the 2.4 -2.5 GHz ISM band. The same transceiver type was used on the other side of the transmission path. This second transceiver was connected to a personal computer via an USB port. The transmission path was used for bi-directional data transmission to send the extracellular recorded signals from the animal to the computer and vice versa the control parameters for signal amplification and stimulation from the computer to the animal.
Using the TWS, it was possible to successfully record multi-unit brain activity and modify the animal's behavior by stimulating the inferior colliculus while the rat was moving freely in the open field. The transceiver was placed up to 5 m away from the animal and was connected to the computer via an USB port (see Figure 2) . A comparison of the recorded signal qualities yielded with the tethered and the wireless system is demonstrated in Figure 5 . The TWS records multi-unit activity with a similar signal quality as a wired recording system. The micro-stimulator is a true wireless stimulator that updates stimulation parameters in real time, i.e. the stimulation signal, whose parameters are defined with the TWS software is passed to the stimulation electrode connected to the head stage within some milliseconds after pushing the stimulation button. Therefore, it was possible to change the stimulation parameters without taking the animal out of the cage. This feature has the advantage that one can minimize the time for stimulation experiments.
A TWS software was specially designed to allow control of all features of the wireless system (e.g. recording and stimulation) via one graphical user interface (Figure 3 and Figure 4 ). For micro-stimulation, a stimulation signal was used that was developed using the graphical user interface of the TWS software. The stimulator of the TWS was used in a charge balanced constant-current stimulation mode. The stimulation pattern was sent wirelessly to the constant-current stimulator integrated in the head stage wireless unit. Stimulation current was applied between a working microelectrode placed in the target of interest (as for instance the inferior colliculus in the present study) and a larger distant counter electrode that served as the ground or reference electrode of the TWS. Depending on stimulation electrode impedance and voltage compliance of the constant-current stimulator, it is possible to use a maximal stimulation current range of ±625 µA, although a much lower current threshold was required in the present experiments. Here, biphasic charge balanced constant-current stimulation was used with peak currents up to 300 µA. In case of biphasic stimulation, the first pulse is used to elicit the physiological effect and the second pulse usually reverses electrochemical processes occurring during the stimulation pulse 18 . The TWS head stage supplies real time stimulation patterns set via the graphical user interface of the TWS software (see Figure 4) .
The TWS software is divided into three main sections: a (i) main window with controls for recording and stimulation, a (ii) stimulus generator window with all setting options for the stimulation signal parameters and a (iii) replayer window for replaying the recorded data files. The main window allows the user to display the recorded signals of up to 4 recording channels, set the gain for all channels and start/stop recording of the displayed signals. The signal data are stored in a file on the computer hard disc. The file path is set in the configuration menu. Besides the recording parameters, the main window allows to start and stop the stimulation process. The constant stimulation current that is passed through the stimulation electrode in the animal brain is displayed in real time on the main window screen. The parameters of the stimulation signal are pre-adjusted in the stimulus parameter settings window. It is possible to define mono-or biphasic stimulation pulse trains and to set all commonly used stimulation pulse parameters like for example pulse width, pulse amplitude, time between pulses, etc. (for details see Figure 4) . The stimulation pulse function that results from the pre-selected parameter values is shown in a graphic display in the stimulation generator window.
The TWS software was designed according to usability aspects. The usability of the software is an essential factor to guarantee smooth progress of the wireless stimulation/recording experiment and a safe and comfortable working environment. It also helps to improve the reproducibility of the experiment.
Single-unit recording data and electrical stimulation
Extracellular multi-unit activity was successively recorded in the inferior colliculus from the same implanted electrode using the TWS and a conventional tethered recording system. Figure 5 shows representative raw data recorded using both systems while the animal was freely moving in an open field. Direct comparison of the signals suggests similar spike waveforms and noise levels ( Figure 5A and 5B). A demonstration of the spike form is depicted in A' and B'.
Since the rats did not attempt to remove the TWS head stage after surgery and during subsequent days, it was assumed that it did not significantly interfere with their movements and did not cause discomfort. Thus, by using the TWS, a common problem in tethered recordings of rats was avoided such as removal and chewing of the connectors and cables. Indeed, rats with the TWS head stage were able to explore the open field and plus maze (see Movie 1) exhibiting normal crossings, rearing and grooming behaviors.
Additionally, the stimulation parameters used with the TWS or conventional tethered system evoked the same behavioral outcome, here escape behavior. Starting from 100 µA, the stimulation current amplitude was increased step by step until the escape threshold -minimum current intensity producing running or jumping -was reached and the escape behavior was elicited. The individual escape thresholds of 4 rats were similar when using both systems ( Figure 5C ). 
Discussion
Here, a widely accessible wireless recording and stimulation system for electrophysiological and behavioral studies in freely moving animals was presented. The TWS has been validated in behavioral assays using the inferior colliculus as a model structure. The TWS approach has several advantages over existing ones. Firstly, the system uses a single portable TWS head-stage equipped with a preamplifier and a rechargeable battery, allowing stable long-term recordings for up to 1 h with the same battery and wireless operations distance for up to 5 m. Secondly, the TWS head stage is light and compact, weighing 12 g including battery, and was developed to prevent the rat from removing the head stage and chewing the wires. It was well tolerated by the animals since no impact on the animal´s behavioral repertoire with and without the TWS head stage was observed, making the system applicable to a broad set of behavioral tasks. Thirdly, the system transmits in real-time. Fourthly, through simultaneous bidirectional recording and stimulation of neural activity, the system provides a sophisticated tool to assess the causal relationships between specific brain activation patterns and behavior, thus overcoming the shortcomings of unidirectional systems. This feature makes the method particularly valuable for the field of deep brain stimulation, which usually requires precise assessment, monitoring, and adjustment of stimulation parameters during long-term behavioral experiments. Finally, a chronically implantable microelectrode unit was developed with integrated recording, stimulation and reference electrode that can be easily implanted during a conventional stereotaxic surgery. From this point of view, the TWS is an integrated wireless system which increases the reproducibility of stimulation and recording experiments. The recording quality of the TWS was shown to be similar to the recording quality yielded with a commercially available wired recording system (see Figure 5) .
It is widely known that electrical stimulation of the inferior colliculus in the rat elicits clear escape behavior characterized by running or jumping, that mimics reactions to fear elicited by environmental challenges 11, 12, 13 . This behavior was induced in the present study by stimulating the inferior colliculus using the TWS or the traditional tethered system. In order to test the stimulation efficacy of the TWS, the escape thresholdsminimum current intensity producing running or jumping -were compared using both systems. Rats with the TWS head stage are capable of running quickly, jumping and climbing out of the open field, i.e. display typical escape behavior, with greater freedom of movement. Importantly, the escape thresholds were similar compared to traditional tethered system. Together, a rather challenging paradigm was used to test the resilience of the TWS, which it mastered in a hassle-free way.
The TWS is also suited for chronic electrical stimulation experiments since the microelectrode unit implanted allows chronic use. The TWS allows adjusting the stimulation current parameters very precisely in a way to accurately detect the frequency and amount of stimulation current which is effective to elicit a behavioral response. Additionally, the same animal was stimulated with the same current threshold 3 days later and the same desired behavioral response was elicited. This suggests that the tissue around the stimulation electrode tip was not damaged by the stimulation current that usually requires increased stimulation current amplitudes with repeated stimulations in order to elicit the same behavioral response.
Furthermore, it is possible to reduce the experimental time significantly because the TWS micro-stimulator updates stimulation parameters in real time when the experimenter changes them in the graphical user interface. Other electrical stimulators 19 used for preclinical research need to be reprogrammed for stimulus parameter update. In those cases, the device is programmed by tethering the animal via cable to a programming unit. This is not required when using the TWS. Finally, the battery is fixed to the top of the TWS head stage and electrically connected to the head stage via a two-pins magnet connector for easy exchange of the battery. The advantage is that during the experiment it is possible to change the battery without disconnecting the TWS head stage from the implanted electrode unit, which is much more comfortable to the animal. During the present study we used a battery whose operation time is only 1 h. In case the experiment takes longer than 1 h, it is recommended to have an additional charged battery available. The TWS can be connected to replacement rechargeable batteries with capacity of (i) 230 mA for 1 h operation time or (ii) 450 mA for approximately 2.5 h operation time. Both types of batteries can be fully recharged in 15 min.
In summary, the present study describes the operation of TWS designed for neural stimulation and recording from freely behaving small animals. A completely integrated set of implantable microelectrode unit, head stage, receiver and software is presented as well. The quality of the wireless recording and stimulation is similar to that of the tethered recording system with the advantage of being more comfortable, light and safe to the animal. Therefore, TWS can be used to replace the tethered system since it does not restrict the animal's mobility and provides a flexible method to control stimulation and neural recording under circumstances where other approaches would be difficult or impossible. Therefore, TWS can be an important tool to investigate how electrical activity in defined neural circuits generates certain forms of behavior, a fundamental question in neuroscience.
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